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Polycystic ovary syndrome (PCOS) is a complex endocrine and metabolic disorder, which is often accompanied
by oxidative stress. Tempol, a superoxide dismutase mimetic, protects against several diseases caused by
oxidative stress. However, the effect of tempol on PCOS has not been investigated. The present study demon
strated the alleviation of ovarian dysfunction and glucose tolerance in dehydroepiandrosterone (DHEA)-induced
PCOS rats treated with tempol. Tempol significantly reduced the intestinal oxidative stress in PCOS rats without
affecting the ovarian redox rate. The 16S rDNA sequencing of the intestinal microbiome and non-targeted
metabolomics analysis indicated significant differences in gut microbiota composition and serum metabolite
profiles between the control and PCOS rats, and most of these differences were reduced after tempol interven
tion. Tempol alters the gut microbiome by increasing the abundance of genus Ruminococcus_1 and by decreasing
the abundance of Ruminococcus_2, Staphylococcus, Ideonella, and Corynebnacterium genera. Tempol also attenuates
the reduction of serum bile acid and stachyose levels in PCOS rats, and the serum stachyose level was signifi
cantly correlated with the abundance of 15 genera, particularly Ruminococcus_1 and Ruminococcus_2. Moreover,
stachyose administration improved ovarian dysfunction in PCOS rats. Thus, our data indicate that tempol
ameliorates PCOS phenotype by reducing intestinal oxidative stress, restoring gut dysbiosis, and modulating the
interaction between gut microbiota and host metabolite. Therefore, tempol intervention is a potential therapeutic
approach for PCOS.

1. Introduction
Polycystic ovary syndrome (PCOS) is a common endocrine disorder
that affects 6%–10% of women of reproductive age [1,2]. The primary
characteristics of PCOS include androgen excess, ovulatory dysfunction
and polycystic ovarian morphology [3]. Additionally, PCOS is often
accompanied by metabolic disorders such as insulin resistance (IR),
hyperglycemia, and obesity [4]. Although PCOS has been studied for a
long time, its etiology and pathophysiology remain unclear.
Numerous studies have demonstrated that excessive production of
reactive oxygen species (ROS), progressive reduction of the antioxidant
capacity, and elevation of circulating oxidative stress biomarkers in
patients with PCOS [5,6], which indicate that oxidative stress is

involved in the PCOS pathophysiology. A study by Masjedi et al.
demonstrated a significant reduction in superoxide dismutase (SOD)
activity in serum and follicular fluid of patient with PCOS [7], whereas
another study by Sun et al. demonstrated the association of glutathione
peroxidase 1 (GPx1) P198L genetic polymorphism with PCOS risk in
Chinese women [8]. Because oxidative stress is reflected as an imbalance
between pro- and antioxidants, several antioxidants, such as vitamin C
[9], vitamin E [10,11] and MitoQ10 [12] have been recognized as po
tential therapeutics for PCOS. A recent cohort study exhibited that, a
short-term supplementation of vitamin E in patients with PCOS can
reduce oxidative stress, and reduce exogenous human menopausal
gonadotropin dosage in the ovulation induction cycle [13]. Tempol is a
stable SOD mimetic that can be used as a chemical antioxidant to treat
diseases caused by oxidative stress [14]. However, the effect of tempol
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Abbreviations

IR
ITTs
LH
MDA
OGTTs
OPLS-DA

insulin resistance
insulin tolerance tests
luteinizing hormone
malonyldialdehyde
oral glucose tolerance tests
orthogonal projections to latent structures-discriminant
analysis
PCoA
principal coordinate analysis
PCOS
polycystic ovary syndrome
PRGE
progesterone
ROS
reactive oxygen species
SOD
superoxide dismutase
T-AOC
total antioxidant capacity
TUNEL terminal deoxynucleotidyl transferase dUTP nick end
labeling
UPGMA unweighted pair group method with arithmetic mean

3-nitrotyrosine
3′ -NT
ACE
abundance-based coverage estimator
AGEs
advanced glycation end products
DHEA
dehydroepiandrosterone
eE2
17α-ethynylestradiol
FXR
farnesoid X receptor
FSH
follicle stimulating hormone
GDCA
glycodeoxycholic acid
GPBAR1 G protein-coupled bile acid receptor 1
GPx1
glutathione peroxidase 1
GSH
glutathione
H&E
hematoxylin and eosin
HFD
high fat diet
HOMA-IR homeostatic model assessment of insulin resistance

on PCOS has not been investigated.
Evidence suggests that PCOS is inextricably linked to gut microbiota
that plays a vital role in the metabolic and immune systems [15].
Considerable changes in the composition of gut microbiota have been
observed in patients with PCOS [16]. The restoration of gut microbiota
dysbiosis through dietary probiotic inulin supplementation [17] or
α-linolenic acid-rich flaxseed oil [18] contributes to the amelioration of
PCOS. It has been proposed that IR, metabolic abnormality, and sex
hormone concentrations in women with PCOS may affect the diversity
and composition of gut microbiota. On the other hand, gut microbiota
dysbiosis could contribute to IR and obesity in patients with PCOS
because of the stimulation of inflammatory activities and disruption of
energy balance [19,20]. Similarly, the alteration in composition of gut
microbiota may induce excessive ROS production in the gastrointestinal
system [21]. Antioxidant intervention could overcome gut dysbiosis in
some disease models, streptozotocin-induced diabetic rats with periph
eral neuropathy [22], diet-induced obese rats [23], and ulcerative colitis
models [24]. Tempol alters gut microbiome in high fat diet (HFD)-fed
mice, leading to the inhibition of the intestinal farnesoid X receptor
(FXR) signaling and decreased obesity [25]. However, the effect of
tempol on gut microbiota in PCOS models has not been investigated.
In the present study, we investigated the protective effect of tempol
on ovarian function, oxidative stress, IR and gut microbial compositions
in dehydroepiandrosterone (DHEA)-induced PCOS rat models. We also
performed non-targeted metabolomics to investigate the association
between gut microbiota and serum metabolites in these animals.

2.2. Experimental animals
Animal studies were performed in accordance with the Principles of
Laboratory Animal Care (NIH publications No. 8023, revised 1978) and
with approval by the Ethics Committee of Pony Testing International
Group. Rats were maintained under standard housing conditions (free
access to food and water in a temperature and humidity controlled, 12-h
light:12-h dark environment) at the Pony Testing International Group
Co., Ltd (Beijing, China).
To induce PCOS, 3-week-old female prepuberal Sprague Dawley rats
were daily subcutaneously injection of 60 mg/kg DHEA (dissolved in
0.2 ml of sesame oil). The control rats were daily injected with 0.2 ml
sesame oil. After treatment for 21 days, the rats were treated with 0.2 ml
phosphate-buffered saline (PBS), 30 mg/kg tempol or 200 mg/kg sta
chyose (tempol or stachyose was dissolved in 0.2 ml PBS) by intraperi
toneal injection for 12 days. Then, part of rats was sacrificed and serum
samples, ovary and intestine tissues were collected. At this time, fresh
feces samples were taken from the colons of all rats, and then transferred
into 5 ml sterile EP tubes. These tubes were rapidly snap-frozen in liquid
nitrogen, and stored at − 80 ◦ C. The rest of rats were used for mean daily
food intake measurement and estrous cycle determination, in the next 7
or 10 days.
2.3. Estrous cycle determination
As previously described [15], vaginal smears were taken daily at
same time from the 1st to 10th day after the second treatment. The stage
of the estrous cycle was determined by microscopic analysis of the
predominant cell type in vaginal smears using Wright’s stain kit.

2. Materials and methods
2.1. Antibodies and reagents

2.4. Measurement of serum biochemical markers

Antibodies against Cleaved Caspase-3, SOD1, SOD2 and β-actin were
purchased from Cell Signaling Technology (#9661, #37385, #13141,
#12262, Danvers, MA, USA). Tempol was purchased from Selleck
Chemicals LLC (#S2910, Houston, TX, USA). Kits for terminal deoxy
nucleotidyl transferase dUTP nick end labeling (TUNEL) staining, total
antioxidant capacity (T-AOC), malonyldialdehyde (MDA) and SOD ac
tivity assay were purchased from Beyotime Institute of Biotechnology
(#C1091, #S0119, #S0131S, #S0101, Shanghai, China). 3-nitrotyro
sine (3′ -NT) and advanced glycation end products (AGEs) ELISA kits
were purchased BlueGene Biotech (#E02A0670, #E02A002 Shanghai,
China). Wright’s stain kit was obtained from Coolaber Biotechnology
Co. Ltd (#SL7030, Beijing, China). All other chemicals made in China
were of analytical grade.

Serum testosterone, 17α-ethynylestradiol (eE2), luteinizing hormone
(LH), progesterone (PRGE) and follicle stimulating hormone (FSH)
levels were determined by radioimmunoassay (XH6080, Xi’an, China).
Serum total bile acid were measured using the AU480 chemistry
analyzer (Beckman, American). Blood glucose and serum insulin levels
were measured using an Accu-Chek® glucometer (Roche Diagnostics,
Indianapolis, IN, USA) and Rat Ultrasensitive Insulin ELISA kit (#80INSRT-E01, ALPCO Diagnostics, Salem, NH, USA), respectively. The
homeostatic model assessment of IR (HOMA-IR) index was calculated
using the formula: [fasting glucose levels (mmol/l)] * [fasting serum
insulin (lU/ml)]/22.5. As previously described [26], the oral glucose
tolerance tests (OGTTs) were performed by oral gavage of 2 g/kg of
glucose after overnight fasting. The insulin tolerance tests (ITTs) were
performed via intraperitoneal injection of 0.75 U/kg of insulin after
2
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Fig. 1. Tempol alleviates ovarian dysfunction in dehydroepiandrosterone (DHEA)-induced PCOS rats. The group assignments and time line of the experi
mental process are illustrated in diagram (A). Female rats were treated with DHEA or sesame oil for 21 days, followed by an intraperitoneal injection of tempol or PBS
for another 12 days. The estrous cycles were determined after another 10 days (N = 3) (B). Representative ovary sections were stained with hematoxylin and eosin
(scale bar = 500 μm; * indicates cystic follicles; # indicates corpora lutea) (C) and the number of corpora lutea (D) and cystic follicles (E) was determined from these
stained sections (N = 4). Serum testosterone and bile acid levels were measured using radioimmunoassay method and enzyme-linked immunosorbent assay kit,
respectively (F, G) (N = 7). Lysates of ovary tissue were examined using Western blotting to determine the expression level of cleaved caspase 3, and β-actin was used
as the loading control (H) (N = 3). Representative ovary sections were also stained with TUNEL kits (scale bar = 500 μm, arrows point to TUNEL-positive cells) (I).
Data are presented as mean ± standard error of mean (SEM); * indicates significance (p < 0.05) compared with the oil + PBS group, # indicates significance (p <
0.05) compared with the DHEA + PBS group.
3
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fasting for 4 h. At least 7 rats/group were used for these experiments.

by the ratios of 260 nm/280 nm and 260 nm/230 nm. Then DNA was
stored at − 80 ◦ C until further processing. The V3–V4 region of the
bacterial 16S rRNA gene was amplified with the common primer pair
(Forward primer, 5′ - ACTCCTACGGGAGGCAGCA-3’; reverse primer, 5′ GGACTACHVGGGTWTCTAAT-3′ ) combined with adapter sequences
and barcode sequences. Thermal cycling conditions were as follows: an
initial denaturation at 95 ◦ C for 5 min, followed by 15 cycles at 95 ◦ C for
1 min, 50 ◦ C for 1 min and 72 ◦ C for 1 min, with a final extension at 72 ◦ C
for 7 min. The PCR products from the first step PCR were purified
through VAHTSTM DNA Clean Beads. A second round PCR was then
performed in a 40 μl reaction which contained 20 μl 2 × Phμsion HF MM,
8 μl ddH2O, 10 μM of each primer and 10 μl PCR products from the first
step. Thermal cycling conditions were as follows: an initial denaturation
at 98 ◦ C for 30s, followed by 10 cycles at 98 ◦ C for 10s, 65 ◦ C for 30 s min
and 72 ◦ C for 30s, with a final extension at 72 ◦ C for 5 min. Finally, all
PCR products were quantified by Quant-iTTM dsDNA HS Reagent and
pooled together. High-throughput sequencing analysis of bacterial rRNA
genes was performed on the purified, pooled sample using the Illumina
Hiseq 2500 platform(2 × 250 paired ends, San Diego, CA, USA).

2.5. Tissue processing
Rat ovaries were harvested, washed, and fixed with formalin and
embedded in paraffin. Ovary sections (5 μm) were stained with hema
toxylin and eosin (H&E) or TUNEL kits respectively. At least 4 rats per
group were used for these experiments.
2.6. Western blotting
Ovaries and intestinums were pulverized, and proteins were
extracted using buffer (50 mM Tris-HCl, 150 mM NaCl, 100 μg/ml
phenylmethylsulfonyl fluoride, protease and phosphatase inhibitor
cocktails, and 1% Triton X-100) on ice for 30 min. After centrifugation at
12,000 g for 20 min at 4 ◦ C, the supernatant was used for Western blot
analysis.
2.7. Serum metabolic profiles analysis
100 μL of serum was mixed with 400 μL extract solution (acetonitrile:
methanol = 1: 1) containing isotopically-labelled internal standard
mixture in a tube. After 30 s vortex, the samples were sonicated for 5 min
in ice-water bath. Then the samples were incubated at − 40 ◦ C for 1 h and
centrifuged at 12000 rpm for 15 min at 4 ◦ C. 400 μL of supernatant was
transferred to a fresh tube and dried in a vacuum concentrator at 37 ◦ C.
Then, the dried samples were reconstituted in 200 μL of 50% acetonitrile
by sonication on ice for 10 min. The constitution was then centrifuged at
13000 rpm for 15 min at 4 ◦ C, and 75 μL of supernatant was transferred
to a fresh glass vial for LC/MS analysis. The quality control sample was
prepared by mixing an equal aliquot of the supernatants from all of the
samples.
The UHPLC separation was carried out using a ExionLC Infinity series
UHPLC System (AB Sciex, Boston, MA, USA), equipped with a UPLC BEH
Amide column (2.1 * 100 mm, 1.7 μm, Waters). The mobile phase
consisted of 25 mmol/L ammonium acetate and 25 mmol/L ammonia
hydroxide in water（pH = 9.75）(A) and acetonitrile (B). The analysis
was carried with elution gradient as follows: 0–0.5 min, 95%B; 0.5–7.0
min, 95%–65% B; 7.0–8.0 min, 65%–40% B; 8.0–9.0 min, 40% B;
9.0–9.1 min, 40%–95% B; 9.1–12.0 min, 95% B. The column tempera
ture was 25 ◦ C. The TripleTOF 5600 mass spectrometry (AB Sciex) was
used for MS/MS spectra acquirement on an information-dependent basis
mode during an LC/MS experiment. In this mode, the acquisition soft
ware (Analyst TF 1.7, AB Sciex) continuously evaluates the full scan
survey MS data as it collects and triggers the acquisition of MS/MS
spectra depending on preselected criteria. In each cycle, the most
intensive 12 precursor ions with intensity above 100 were chosen for
MS/MS at collision energy of 30 eV. The cycle time was 0.56 s. ESI
source conditions were set as following: Gas 1 as 60 psi, Gas 2 as 60 psi,
Curtain Gas as 35 psi, Source Temperature as 600 ◦ C, Declustering po
tential as 60 V, Ion Spray Voltage Floating as 5000 V or − 4000 V in
positive or negative modes, respectively.

2.10. Data and statistical analysis
All values are expressed as mean ± standard error. Statistical sig
nificance was defined as P < 0.05. One-way analysis of variance
(ANOVA) was used to test each variable for differences among three
groups with StatView (SAS Institute Inc, Cary, NC, USA). If the analysis
of variance demonstrated a significant effect, post hoc comparisons were
made pairwise using Fisher’s least significant difference test. For the
nonparametric tests, the two-tailed Mann-Whitney test was used to
evaluate statistical significance between three groups. Spearman cor
relation between the level of fecal metabolites and the relative abun
dance of genera was performed by the cor.test function from the stats R
package. We only performed the correlation in those genera (P < 0.05)
and metabolites (P< 0.05, VIP>1), which were found to be statistically
significant between groups.
3. Results
3.1. Tempol attenuates ovarian dysfunction and cell apoptosis in DHEAinduced PCOS rats
The experimental processes are illustrated in Fig. 1A. Since DHEA
was dissolved in sesame oil during the experiment process, the sesame
oil treated group was used as sham control. The rats were randomly
divided into three groups, namely, oil + PBS, DHEA + PBS, and DHEA
+ tempol. The body weight and food intake at the end of experimental
period (day 33) were nearly identical in these groups (Fig. S1). The
estrous cycles were measured to determine the effect of DHEA and/or
tempol on ovarian functions. Rats in the oil + PBS group exhibited
regular estrous cycles of 4–5 days, whereas most rats in the DHEA +
PBS group were in the diestrus phase (Fig. 1B). The estrous cycles
disorder improved after tempol treatment (Fig. 1B). Afterwards, H&E
staining was performed to determine the alteration of ovarian pa
thology in diverse groups. Ovaries in the oil + PBS group exhibited
follicles and a few fresh corpora lutea during different developmental
stages (Fig. 1C). The DHEA + PBS group exhibited a higher number of
cystic follicles and a lower number of corpus luteum compared with the
control group. On the other hand, tempol administration decreased the
number of cystic follicles and increased the formation of corpus lutea
(Fig. 1C–E). The serum levels of five sex steroid hormones, namely
testosterone, eE2, LH, PRGE and FSH were measured subsequently.
Serum testosterone levels were significantly higher in the DHEA + PBS
group compared with the oil + PBS group. Tempol significantly
decreased serum testosterone and eE2 levels but had no obvious effect
on serum LH, PRGE, and FSH levels in PCOS rats (Fig. 1F, Fig. S2). The
alternating bile acid metabolism has been observed in PCOS patients,

2.8. Data processing
MS raw data (.wiff) files were converted to the mzXML format by
ProteoWizard, and processed by R package XCMS (version 3.2). The
process includes peak deconvolution, alignment and integration. Min
frac and cut off are set as 0.5 and 0.3 respectively. In-house MS2 data
base was applied for metabolites identification.
2.9. 16S rDNA gene sequencing
Total bacterial DNA were extracted from feces using the Power Soil
DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA) according
to the manufacturer’s protocol. DNA quality and quantity were assessed
4
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Fig. 2. Effects of tempol on glucose tolerance and insulin sensitivity in PCOS rats. After fasting for 12 h, the blood glucose (A) and serum insulin (B) levels in
rats in the oil + PBS, DHEA + PBS, and DHEA + tempol groups were measured (N = 7). The homeostasis model assessment of insulin resistance (HOMA-IR) index was
calculated as follows: (fasting glucose levels [mmol/L]) × (fasting serum insulin [μU/mL]]/22.5) (C). Oral glucose tolerance tests (OGTTs) (D) and insulin tolerance
tests (ITTs) (E) were performed on rats of all the three groups (N = 7). The corresponding area under the curve (AUC) of blood glucose levels in each group was
calculated. Values are presented as means ± SEM; * indicates significance (p < 0.05) compared with the oil + PBS group, # indicates significance (p < 0.05)
compared with the DHEA + PBS group.

and bile acid administration improved insulin resistance, ovarian
dysfunction and infertility in mice with PCOS [15]. Consistent with
that finding, the serum bile acid levels were significantly reduced in
DHEA-treated rats, and such reduction was diminished in rats of DHEA
+ tempol group (Fig. 1G). In the ovaries of rats in DHEA + PBS group,
the expression of cleaved caspase-3 were increased, and this increase

was diminished by tempol administration (Fig. 1H). TUNEL staining
revealed that tempol significantly decreased the proportion of
apoptotic cells in DHEA-treated rats (Fig. 1I). Together, these results
suggest that tempol ameliorated ovarian dysfunction and pathological
damage of ovarian tissues in PCOS rats.
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Fig. 3. Effects of tempol on systemic, ovarian, and intestinal oxidative stress in PCOS rats. The serum levels of malonyldialdehyde (MDA) (A), total antioxidant
capacity (T-AOC) (B), 3′ -NT (C), and advanced glycation end products (AGEs) (D) were measured (N = 5). The levels of MDA (E), 3′ -NT (F), AGEs (G) and T-AOC (H),
and SOD activity (I) in ovarian lysates were determined (N = 5). The protein levels of SOD1 and SOD2 in ovaries were determined using Western blotting (J) (N = 5).
Intestinal tissue lysates were also used for the measurement of MDA (K), 3′ -NT (L), and AGEs (M) levels, and SOD1 and SOD2 protein levels (N) (N = 5). Values are
presented as means ± SEM; * indicates significance (p < 0.05) compared with the oil + PBS group, # indicates significance (p < 0.05) compared with the DHEA +
PBS group.

3.2. Tempol moderately ameliorates glucose tolerance in DHEA-induced
PCOS rats

was found to have no significant effect on fasting blood glucose level and
HOMA-IR values in PCOS rats (Fig. 2A-C).
OGTTs revealed a delayed glucose clearance and increased area
under the curve in PCOS rats, which indicate that DHEA treatment de
creases glucose excretion capability. This impairment in glucose toler
ance was improved by tempol administration (Fig. 2D). ITTs
demonstrated that rats in all the three groups respond equally to insulin
(Fig. 2E).

Because PCOS is closely associated with metabolic disorders, we
assessed insulin sensitivity and glucose homeostasis in diverse groups.
Although no significant difference was observed in fasting blood glucose
levels, rats in the DHEA + PBS group displayed a higher fasting serum
insulin level and higher HOMA-IR values than those in the oil + PBS
group. Tempol significantly decreased fasting insulin levels, whereas it
6
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Fig. 4. Effect of Tempol on alpha diversity of gut microbiota. Analysis of gut microbial diversity was performed on the basis of 16S rDNA sequencing. Rarefaction
curves (A) and Shannon index (B) are presented. ACE (C), Shannon index (D), Simpson index (E), and Chao1 index (F) were used to describe alpha diversity of gut
bacterial assemblages in the rats receiving different treatments. Bacterial community compositional similarity was evaluated by beta diversity. Unweighted UPGMA
of all samples was conducted on the basis of the Jaccard distance matrix (G). Plots of unweighted UniFrac-based PCoA (H) and nonmetric multidimensional scaling
(NMDS) plots based on Jaccard dissimilarity (I) are presented. Analysis of similarities (Anosim) was used to detect differences between the groups (J). N = 5–6 rats
per group.
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Fig. 5. Changes in the taxonomic composition of ileum microbial communities at the phylum and genus levels. Statistical differences in the levels of bio
markers between the oil + PBS, DHEA + PBS, and DHEA + tempol groups were identified using line discriminant analysis (LDA) effect size (LEfSe) method. Taxa
enriched in oil + PBS (Blue), DHEA + PBS (Orange), and DHEA + Tempol (Green) groups are indicated by LDA scores. Only the taxa meeting an LDA significant
threshold of four are displayed, and the length of histogram represents the influence of different species (A). Cladogram visualizes the output of LEfSe algorithm.
Significantly distinct taxonomic nodes are colored and the branch areas are shaded according to the effect size of the taxa (B). The top ten bacteria, with maximum
abundance of ileum bacteria at the phylum (C) and genus (E) levels. Significant changes in abundance at the phylum (D) and genus (F) levels. (Blue) taxa enriched in
the Oil + PBS group; (Orange) taxa enriched in the DHEA + PBS group; (Green) taxa enriched in the DHEA + PBS group; (Yellow) corresponding nodes of the taxa
that were not significantly different between the groups (B). N = 5–6 rats per group, values are presented as means ± SEM; * indicates significance (p < 0.05) when
compared with the oil + PBS or DHEA + PBS groups. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

3.3. Tempol ameliorates systemic and intestinal oxidative stress in PCOS
rats

determine the effects of DHEA and tempol on systemic oxidative stress.
Rats in the DHEA + PBS group exhibited a significantly higher serum
MDA level and lower levels of serum T-AOC than those in the oil + PBS
group. Tempol administration significantly decreased the serum MDA

We measure the levels of oxidative stress biomarkers in serum to
8
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level and increased the serum T-AOC level in PCOS rats (Fig. 3A–B).
DHEA treatment with or without tempol administration was found to
have no effect on serum 3′ -NT and AGEs levels (Fig. 3C–D).
We also determined the levels of oxidative stress biomarkers in
ovary. Although the levels of MDA, 3′ -NT, and AGEs were higher in the
ovaries of PCOS rats than in those of the control rats, the difference was
not statistically significant (Fig. 3E–G). Additionally, no significant
decrease was observed in the T-AOC levels in the PCOS rats (Fig. 3H);
however, the SOD activity was decreased in these rats (Fig. 3I). Western
blotting analysis revealed a decrease in SOD1 expression, whereas SOD2
expression was unchanged in the ovaries of PCOS rats (Fig. 3J). Tempol
administration demonstrated no obvious effect on the levels of these
oxidative stress biomarkers and even decreased the ovarian SOD activity
further in the PCOS rats (Fig. 3E–I), which indicate that tempol has no
direct effect on ovarian oxidative stress.
Since gut microbiota plays an important role in the initiation and
development of PCOS, we also investigated whether DHEA and tempol
affect redox state in the intestinal tract. The intestinal MDA, 3′ -NT, and
AGEs levels were significantly higher in the PCOS rats than in the control
rats, and the increase in oxidative biomarkers was attenuated by tempol
administration (Fig. 3K–M). Moreover, tempol significantly increased
the intestinal SOD1 and SOD2 expression in the PCOS rats (Fig. 3N).
Thus, these results indicate that tempol lowers intestinal oxidative stress
in PCOS rats.
3.4. Tempol attenuated gut microbiota dysbiosis in PCOS rats
Because tempol has a profound effect on intestinal oxidative stress,
we performed 16S rDNA sequencing by using fecal samples to determine
the effect of tempol on the composition and levels of gut microbiota in
PCOS rats. The bacterial V3/V4 16s rDNA sequencing reads were ob
tained from 16 fecal samples, with an average of 74,377 validated tags
per sample (with a minimum of 73,467 reads and a maximum of 75,513
reads) (Fig. S3). Additionally, the sample numbers, species richness, and
evenness were analyzed by the species accumulation and rank abun
dance curve (Fig. S4), which demonstrated that the volume and quality
of the fecal samples were adequate for sequencing and subsequent
analysis. Subsequently, the abundance and diversity of the bacterial
community were assessed by the rarefaction and Shannon curves
(Fig. 4A–B), and four α-diversity indices, namely, abundance-based
coverage estimator (ACE), Shannon, Simpson, and Chao1. The multi
ple sample rarefaction curves tended to be flat when the sequence
number increased to 20,000, which indicated that the amount of
sequencing data is reasonable (Fig. 4C–F). Similar results were observed
in the multiple sample Shannon curves (Fig. 4G), which suggest that a
majority of the sample diversity was covered by sequencing. Interest
ingly, the results from the rarefaction and Shannon curves and the four
α-diversity indices exhibited no difference across the diverse groups
(Fig. 4A–F), which indicate that DHEA treatment or tempol intervention
has no obvious effect on the α-diversity of gut microbiota.
Next, we used the unweighted pair group method with arithmetic
mean (UPGMA) clustering method, unweighted principal coordinate
analysis (PCoA), and unweighted distance matrices (nonmetric multi
dimensional scaling [NMDS]) to assess the β-diversity of gut microbiota
across diverse groups. The UPGMA clustering method classified the
control and PCOS rat samples into two distinct groups, which suggest
that the gut microbial profile was different between the PCOS rats and
control rats. Although the DHEA + tempol group could not be separated
completely from the DHEA + PBS group, it was somewhat dissimilar to
the DHEA + PBS group, which indicate that tempol administration af
fects the gut microbial profile of the PCOS rats (Fig. 4G). The PCoA and
NMDS analyses further revealed that the overall gut microbial compo
sitions in the three rat groups were different (Fig. 4H-I), and the Per
manova/Anosim analysis suggested that the differences among these
groups were significant (Fig. 4J). Together, these results suggest that
β-diversity of gut microbiota is affected by DHEA and tempol treatment.

Fig. 6. Tempol affects serum metabolomic profiles. Score scatter plot for the
principal component analysis (PCA) model indicated that most of the samples
are in 95% Hotelling’s T-squared ellipse. The abscissa and ordinate represent
the scores of the first and second principal components, respectively. The color
and shape of scatter points represent the experimental grouping of samples (A).
The orthogonal variables irrelevant to the categorical variables in the metab
olites were excluded through orthogonal projections to latent structuresdiscriminant analysis (OPLS-DA). The abscissa represents the predicted score
of the first principal component, whereas the ordinate represents the score of
the orthogonal principal component (B). An average heat map of the hierar
chical clustering analysis for the three groups is presented. Abscissas represent
different experimental groups, ordinates represent different metabolites, and
different colors represent the relative expression of metabolites at the corre
sponding position. N = 8–9 rats per group. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of
this article.)

To identify the key phylotypes that were significantly altered by
DHEA and tempol treatments, all the validated sequences were analyzed
using the linear discriminant analysis (LDA) effect size (LEfSe) method.
The Desulfovibrionaceae genus was enriched in the oil + PBS group,
whereas the Muribaculaceae and Alloprevotella genera were enriched in
the DHEA + PBS and DHEA + tempol groups, respectively (Fig. 5A and
B), which indicate that tempol could reshape the microbial structure of
gut microbiota in PCOS rats.
The overall composition of gut microbiota across the three groups
was further compared by analyzing the degree of bacterial taxonomic
similarity at the phylum and genus levels. At the phylum level, Firmicutes
9
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Fig. 7. Associations between gut microbial species and circulating metabolites. Spearman’s rank correlation between 33 gut microbial species and 52 me
tabolites in the oil + PBS (N = 8), DHEA + PBS (N = 9), and DHEA + Tempol (N = 9) groups is presented (A). Red cells represent positive correlations between
bacterial species and metabolites, and blue cells represent negative correlations between bacterial species and metabolites. * indicates that the correlation was
significant. Scatter plot indicates the Person’s correlation coefficient with statistical significance (p < 0.05) between Ruminococcus_1 or Ruminococcus_2 and serum
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stachyose levels in all the three groups (B, C). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

and Bacteroidetes were the dominant phyla among the three groups
(Fig. 5C). DHEA treatment increased the abundance of Actinobacteria,
Bacteroidetes, Patescibacteria, Tenericutes, and Verrucomicrobia, and
decreased the number of Epsilonbacteraeota and Proteobacteria. However,
the changes in the fraction of Actinobacteria, Patescibacteria, Proteobac
teria, and Tenericutes were attenuated by tempol intervention (Fig. 5D).
At the genus level, the Lachnospiraceae_NK4A136_group and Mutibacu
laceae were dominant genera (Fig. 5E). The abundance of 33 genera was
found to be significantly changed in response to DHEA or tempol
treatment (Fig. S5). Specifically, DHEA considerably increased the
abundance of Thauera, Staphylococcus, Ideonella, Corynebacterium, and
Ruminococcus_2, and decreased the abundance of Ruminococcus_1. These
changes were counteracted by tempol administration (Fig. 5F).

the serum metabolites in all the three groups and to investigate the as
sociation between gut microbiome and circulating metabolites in the
host. The principal component analysis (PCA) revealed that the primary
metabolic components were significantly different between the three
groups (Fig. 6A). The supervised orthogonal projections to latent
structures-discriminant analysis (OPLS-DA) score plot also exhibited a
clear separation between the control and PCOS rats, and between the
DHEA + PBS and DHEA + tempol groups (Fig. 6B). The relative abun
dances of 52 serum metabolites (including 26 lipids and lipid-like
molecules) in the three groups were listed in Fig. 6C, which demon
strated that the abundances of most of serum metabolites in PCOS rats
were totally different from those of control rats, indicating DHEA
treatment has a profound effect on serum metabolic profiles. Tempol
administration in PCOS rats also caused dramatic changes in the abun
dance of serum metabolites. Specially, the changes in the abundances of
28 serum metabolites caused by DHEA treatment were partially atten
uated by tempol administration (Fig. 6C). For example, the abundances

3.5. Associations between gut microbiota and circulating metabolites
Non-targeted metabolomics approaches were performed to measure

Fig. 8. Stachyose improved ovarian dysfunction in DHEA-induced PCOS rats. Female rats were randomly divided into three groups: oil + PBS (N = 9), DHEA +
PBS (N = 11), DHEA + stachyose (STA) (N = 11). After treatment with DHEA or sesame oil for 21 days, female rats were administrated with PBS or 200 mg/kg
stachyose for another 12 day. During the experiment period, body weight of rats was measured every week (A). The estrous cycles were determined after another 10
days (N = 3) (B). Representative ovary sections were stained with H&E (scale bar = 500 μm; * indicates cystic follicles; # indicates corpora lutea) (C) and the number
of cystic follicles (D) and corpora lutea (E) was determined from these stained sections (N = 4). Serum testosterone levels were measured using radioimmunoassay
method (F) (N = 7). Data are presented as mean ± SEM; * indicates significance (p < 0.05) compared with the oil + PBS group, # indicates significance (p < 0.05)
compared with the DHEA + PBS group.
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of stachyose, taurocholic acid, cyclolinopptide A and homofukinolide
were decreased, whereas the abundances of DG (20:5
(5Z,8Z,11Z,14Z,17Z)/20:2(11Z,14Z)/0:0),
3-[(Cyanophenylmethyl)
amino]-3-oxopropanoic acid, Bis(2-furanylmethyl) sulfide and N4Acetylcytidine were increased in the PCOS rats. After tempol adminis
tration, these changes were diminished.
The link between the abundances of circulating metabolites and gut
microbiota in all three groups was investigated by performing the
spearman analysis to test the association between 33 genera and 52
metabolites (Fig. 7A). There were 11 metabolites which were not
significantly correlated with any genus, including SM(d18:0/20:0),
glycerophospholipids (PE(22:4(7Z,10Z,13Z,16Z)/20:2(11Z,14Z)), PC
(P− 18:1(11Z)/20:3(5Z,8Z,11Z)),
PC(P− 18:0/15:0)),
DG(20:5
(5Z,8Z,11Z,14Z,17Z)/18:2(9Z,12Z)/0:0),
gonyautoxin
V,
dihy
drocubebin, etc. Other glycerophospholipids (PC(P− 18:1(11Z)/22:6
(4Z,7Z,10Z,13Z,16Z,19Z)), PC(22:5(7Z,10Z,13Z,16Z,19Z)/18:3(6Z,9Z,
12Z)), PC(20:5(5Z,8Z,11Z,14Z,17Z)/22:5(4Z,7Z,10Z,13Z,16Z)) were
only significantly correlated with one or two genera, while poly
unsaturated fatty acids (8-HETE, 8, 9-DiHETrE, 20-hydroxyeicosate
tranoic acid) were significantly correlated with at least 7 genera.
Pantothenic acid, also known as vitamin B5, was significantly correlated
with 13 genera. Stachyose, a functional oligosaccharide, was signifi
cantly correlated with 15 genera, including [Eubacterium]_noda
tum_group, A2, Alcaligenes, Candidatus_Saccharimonas, Corynebac
terium_1, Ideonella, Parvibacter, Peptococcus, Prevotellaceae_Ga6A1_group,
Ruminococcus_1, Ruminococcus_2, Staphylococcus, Thauera, Turicibacter,
and f_Erysipelotrichaceae. Moreover, the correlation between serum sta
chyose and Ruminococcus_1 or Ruminococcus_2 was further visualized
using a scatter plot (Fig. 7B-C), which demonstrated that the decreased
abundance of Ruminococcus_1 and increased abundance of Rumino
coccus_2 were associated with lower serum stachyose levels in PCOS rats.
When the abundances of Ruminococcus_1 and Ruminococcus_2 were
changed by tempol intervention, serum stachyose levels were increased
in PCOS rats.

observed that tempol ameliorated estrous cycles disorders, ovarian
morphology disruption, increased serum testosterone levels, and cell
apoptosis in DHEA-treated rats, which suggest that tempol could
improve ovarian dysfunction in PCOS rats. Our results concurred with
other previous studies that demonstrated the beneficial effects of anti
oxidant supplementation on patients with PCOS [10,35].
Numerous studies have demonstrated that the protective effect of
tempol is associated with its ability to scavenge oxygen free radicals and
reduce oxidative stress in target organs [36]. Interestingly, we observed
no effect of tempol administration on the levels of MDA, 3′ -NT, AGEs
and T-AOC, activity of Gpx and SOD, and SOD1 and SOD2 protein
expression in the ovaries of DHEA-treated rats. However, we observed
that tempol attenuated the systemic oxidative stress in PCOS rats.
Moreover, tempol had a profound effect on intestinal oxidative stress, as
evidenced by the reduced MDA, 3′ -NT and AGEs levels and increased
SOD1 and SOD2 expressions in the intestinal tract. Therefore, the pro
tective effect of tempol on DHEA-induced ovarian dysfunction was not
attributed to reduced oxidative stress in ovaries, and the intestinal tissue
might be considered the direct target of tempol. Similar results were also
been observed in obese mice, where tempol improved the metabolic
profile by inhibiting intestinal FXR signaling and altering the gut
microbiome [25].
Although our data identified a novel target organ for tempol in PCOS
rats, the mechanism by which tempol protects against ovarian
dysfunction and metabolic abnormality remains unclear. The occur
rence of microbiota dysbiosis occurs in patients with PCOS [15,37] and
the PCOS animal models [18,38] is well-established, and alternations in
the abundance of specific types of the gut bacteria have been associated
with clinical manifestations of PCOS [19]. For example, a study by Qi
et al. demonstrated that the abundance of Bacteroide.vulgatus is signifi
cantly increased in the gut microbiota of patients with PCOS and that the
transplantation of fecal microbiota from PCOS women or B.vulga
tus-colonized recipient mice caused metabolic abnormality and ovarian
dysfunction in mice [15]. On the other hand, restoration of dysbiosis by
supplementation with probiotics, and synbiotics or transplantation of
fecal microbiota from healthy controls might provide new directions to
the PCOS treatment [39–41]. In the present study, significant differences
were observed in gut microbial compositions between the control and
DHEA-treated rats, and most of these differences were diminished by
tempol treatment. At the phylum level, tempol restores gut dysbiosis by
downregulating Actinobacteria, Patescibacteria and Tenericutes, and by
upregulating Proteobacteria. At the genus level, tempol increased the
abundance of Ruminococcus_1 and decreased the abundances of Thauera,
Staphylococcus, Ideonella, Corynebacterium, and Ruminococcus_2 in PCOS
rats. Therefore, tempol may ameliorated PCOS in rats (at least partially)
by improving the gut microbiota.
The gut microbiota affects host metabolism by interacting with host
signaling pathways. For example, the elevated level of B.vulgatus in the
gut microbiota of patients with PCOS was accompanied by a reduction in
glycodeoxycholic acid (GDCA) and tauroursodeoxycholic acid (TUDCA)
levels [15]. These bile acids are the signaling molecules that regulate
glucose metabolism and insulin sensitivity through FXR and G
protein-coupled bile acid receptor 1 (GPBAR1). Ursodeoxycholic acid
(UDCA) treatment improves ovarian morphology and decreases total
testosterone and insulin levels [42]. Moreover, GDCA induces intestinal
group 3 innate lymphoid cell IL-22 secretion, and IL-22 in turn improves
the PCOS phenotype [15]. Tempol treatment in obese mice significantly
increased bile acid levels in feces and intestinal tissue by reducing the
abundance of genus Lactobacillus and its bile salt hydrolase activity [25].
Tempol also attenuated the reduction in the serum bile acid levels in the
present study. Specifically, alternations in serum taurocholic acid levels
were negatively correlated with the abundance of Ruminococcus_2.
However, further studies are required to elucidate the precise mecha
nism by which tempol affects bile acid metabolism in PCOS rats.
A significant correlation between serum stachyose levels and the
abundances of 15 genera in the gut microbiota suggests that stachyose

3.6. Stachyose attenuates ovarian dysfunction in DHEA-induced PCOS
rats
To determine whether stachyose is involved in the beneficial effects
of tempol in PCOS rats, DHEA-treated rats were administrated with 200
mg/kg stachyose for 12 days. Stachyose administration had no obvious
effect on bodyweight (Fig. 8A), whereas improved estrous cycles dis
orders in PCOS rats (Fig. 8B). H&E staining further demonstrated that
stachyose administration decreased the number of cystic follicles and
increased the formation of corpus lutea in ovaries (Fig. 8C–E). Stachyose
also significantly attenuated the increases in serum testosterone levels in
PCOS rats (Fig. 8F). Together, these results suggest that stachyose really
improved ovarian dysfunction and ameliorated pathological damage of
ovarian tissues in PCOS rats.
4. Discussion
The present study has two major new findings. First, tempol is
effective in attenuating DHEA-induced ovarian dysfunction in PCOS
rats. Second, the protective effect of tempol in PCOS rats is associated
with the ameliorated intestinal oxidative stress, attenuated gut dysbiosis
and restored circulating metabolite profile, which indicate that tempol
prevents PCOS by scavenging superoxide and modulating the gut
microbiota.
As a well-known SOD mimetic, tempol protects against numerous
oxidative stress-related diseases, such as hypertension [27], obesity [28,
29], insulin resistance [30] and pancreatic injury [31]. Tempol can also
reduce ovarian ischemia-reperfusion (I/R) injury in female Wistar al
bino rats [32]. Emerging evidence suggests that oxidative stress con
tributes greatly to the PCOS pathophysiology [33,34]. Thus, tempol
could be a potential therapeutic drug for PCOS. In the present study, we
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Fig. 9. Diagram of the potential signaling pathway involved in ameliorates glucose tolerance and polycystic ovary.

might be another major host metabolite that interacts with gut micro
biota. Stachyose functions as a form of natural probiotic and exerts
beneficial effects on multiple diseases through the modulation of gut
microbiota [43–45]. For example, stachyose alleviates dextran sulfate
sodium-induced acute colitis by increasing Akkermansia [43]. In
HFD-fed mice, stachyose intervention diminished colonic and hepatic
inflammation, which was associated with improved gut microbiota
dysbiosis [45]. Moreover, stachyose possesses antioxidant properties.
The rate constant for the reaction between stachyose and hydroxyl
radicals is higher than those of galactinol, raffinose and typical antiox
idants, such as ascorbate and glutathione (GSH) [46]. Oral administra
tion of raffinose family oligosaccharides, mainly composed of stachyose
(61.7%, w/w), significantly increased hepatic GSH, GSH-peroxidase,
SOD, and T-AOC levels, and ameliorated CCl4-induced hepatic oxida
tive stress in mice [47]. In the present study, the serum stachyose levels
were positively correlated with the abundance of Ruminococcus_1 and
negatively correlated with the abundance of Ruminococcus_2 in all the
three rat groups. Tempol treatment increased serum stachyose levels in
PCOS rats, which was associated with an increase in the abundance of
Ruminococcus_1 and decrease in the abundance of Ruminococcus_2.
Moreover, stachyose administration improved ovarian dysfunction in
PCOS rats. Considering the potential beneficial effect of stachyose on
health, we proposed that the protective effect of tempol on PCOS is also
related to the modulation of the interaction between gut microbiota and
stachyose.
In summary, tempol protects against DHEA-induced PCOS syndrome
by decreasing intestinal oxidative stress, restoring gut dysbiosis, and
modulating the interaction between gut microbiota and host metabolites
(Fig. 9). These results suggest that tempol administration is a potential
therapeutic strategy for PCOS.
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effects of tempol in an experimental ovarian ischemia-reperfusion injury model in
female Wistar albino rats, Can. J. Physiol. Pharmacol. 95 (7) (2017) 861–865.
[33] X. Zeng, Q. Huang, S.L. Long, Q. Zhong, Z. Mo, Mitochondrial dysfunction in
polycystic ovary syndrome, DNA Cell Biol. 39 (8) (2020) 1401–1409.
[34] M. Mohammadi, Oxidative stress and polycystic ovary syndrome: a brief review,
Int. J. Prev. Med. 10 (2019) 86.

14

